Abstract-Matching a drive system to the force-displacement characteristics of the load is the cardinal principle in electromechanical systems design. Unconventional actuation schemes, such as piezoelectric, electrostatic, and shape-memory alloys (SMA's), seem to exhibit certain limitations in terms of power density, stroke length, bandwidth, etc., when one attempts to employ them directly to an application. Integrating them with mechanical transmission elements so that the integrated actuator-transmission system matches the load characteristics of the application can enhance the utility of such unconventional actuators. Conventional mechanical devices are sometimes difficult to integrate with unconventional actuating schemes. For instance, the two-dimensional nature of microelectromechanical systems (MEMS) and no-assembly constraints arising from their batch fabrication make it difficult to fabricate, assemble, and integrate a conventional micromechanism with an electrostatic actuator. However, a monolithic "solid-state" mechanical transmission device enables easy integration. This paper presents a systematic method of designing such unconventional mechanisms. The paper presents a generalized methodology for designing compliant mechanisms. Our systematic synthesis formulations provide a mathematical basis for designing compliant mechanisms for: 1) topology generation-that is, establishing a feasible configuration to meet given functional requirements and 2) size and shape optimization-to meet the prescribed quantitative performance requirements, such as mechanical advantage, stroke amplification, etc. Design examples illustrate integration with electrostatic, piezoelectric, and SMA actuators for MEMS and smart-structures applications.
develop as one connected whole. This paper presents a method of designing strong, but compliant, jointless mechanisms. Compliant mechanisms are a relatively new class of mechanisms that utilize compliance of their constituent elements to transmit motion and/or force. They can be designed for any desired input-output force-displacement characteristics, including specified volume/weight, stiffness, and natural frequency constraints. As flexure is permitted in these mechanisms, they can be readily integrated with unconventional actuation schemes, including thermal, electrostatic, piezoelectric, and shape-memory-alloy (SMA) actuators.
Compliant mechanisms are single-piece flexible structures that deliver the desired motion by undergoing elastic deformation as opposed to rigid body motions of conventional mechanisms (Fig. 1) . We introduce fully compliant mechanisms with distributed compliance for improved reliability and performance and ease of manufacture. Distributed compliant systems derive their flexibility due to topology and shape of the material continuum, rather than concentrated flexion at a few regions, as in "plastic hinges." Compliant mechanisms are particularly suited for applications with a small range of motions, as their unitized construction without joints makes their manufacture extremely simple, eliminating assembly operations altogether. The compliant stapler shown in Fig. 2 illustrates this paradigm of no assembly. Furthermore, problems due to wear, backlash, lubrication, and noise are alleviated.
Deployment of compliant mechanisms can significantly benefit the field of adaptive/smart structures, for they provide a simple and a cost-effective means to accomplish controlled motion and force generation without the burden of an ex- Fig. 2 . A single-piece compliant stapler [3] .
cessive number of actuators, as is currently practiced. The small scale and high aspect ratio of micromechanical structures makes them curl up due to residual stresses, and they are, therefore, inherently flexible. Such out-of-plane flexibility can be advantageously used to generate three-dimensional motions. Therefore, in microelectromechanical systems (MEMS), a compliant design that needs no assembly is not merely a smart choice-it is a necessity. In the design of precision instruments, stackup of errors and clearances in conventional mechanisms effect precision and, therefore, jointless compliant mechanisms are the only solution. Product design, in general, can benefit from the use of compliance to produce designs that require no assembly. Several studies have indicated that, across a wide range of industries, assembly accounts for more than 40% of the labor cost and about 50% of the manufacturing cost. Compliant mechanisms are particularly suited for applications with small ranges of motion, and they can potentially eliminate assembly and simplify manufacturing.
Conventional actuators, such as dc motors and IC engines, have almost always employed a mechanical transmission to match the torque-speed characteristics demands of the load. Likewise, by employing a mechanical transmission to modify output force/displacement characteristics, an unconventional actuator can be tailored to perform adequately for many applications. Unconventional mechanisms described in this paper serve as such transmissions.
B. Compliant MEMS
Compliance in design leads to jointless, no-assembly, monolithic mechanical devices. Since it is often not very practical to fabricate jointed micromechanisms, due to difficulties in microassembly, compliant mechanisms offer an alternative to obtain micromechanical movements without requiring mechanical assembly. Although simple deformable structures, such as beams and diaphragms, have performed adequately in many micro devices, more sophisticated micromechanical functions can be realized by fully exploiting the preferred uses of elastic deformation. Fig. 3 shows some examples of compliant micromechanisms. The majority of microdevices and systems rely on mechanical compliance (flexible structures) to take advantage of micromachining techniques and to meet batch production constraints. They often curl up because of the residual stresses induced in the fabrication process. Their size makes them susceptible to elastic deformation under electrostatic forces-a phenomenon not evidenced in the macro domain.
On the one hand, the design of a micromechanical system based on traditional rigid-body assumption yields designs that are difficult to manufacture and assemble and, on the other hand, the resulting designs negate the rigid-body assumption by exhibiting compliant behavior under the action of residual stresses. Therefore, in MEMS, micromechanical design based on the assumption that resulting mechanical structures will be compliant is not only correct, but it also yields designs which meet the micromachining constraints well.
Nature has realized the pivotal role that compliance plays at the realm of microorganisms, the level at which MEMS fit. Nearly 90% of living creatures are invertebrates, and the percentage of invertebrates increases as we go down the dimension scale where compliant structures reign. Fig. 4 shows a compliant suspension to guide the shuttle mass of a microlinear electrostatic actuator (comb-drive actuator). The design requirement was to guide the shuttle mass rectilinearly as the electrostatic force is reversed in each cycle. The compliant suspension is fully integrated with the electrostatic linear actuator and it does not require assembly of individual components. Although such suspensions have been used in MEMS (folded-beam suspension is widely used), the double-V-beam suspension shown in Fig. 4 offers certain advantages over other designs. This suspension provides a very low stiffness (highly compliant) in the direction of motion and an order of magnitude higher stiffness in the direction perpendicular to the motion. Additionally, it has very torsional stiffness. Although the design shown in Fig. 4 was designed by trial and error, a systematic approach to design of such mechanical systems could start with desired force-displacement characteristics along specified directions and culminate in an optimized design-the focus of this paper.
C. Smart Structures
Using smart-materials technology, researchers have studied several innovative schemes to generate static or dynamic shape changes in structures. The general idea behind these schemes is to induce strain in the structure by interfacing it with smart materials, particularly piezoelectric and SMA's, as either a few discrete actuators at macroscopic level or a distributed network of actuators at mesoscopic level. The limitation of currently available smart materials is their feeble stroke and power, and this seems to be placing a practical limitation on the achievable induced strain levels without encumbering the weight of the system. Currently, piezoelectric actuators have high bandwidth, but low strain, whereas SMA actuators have relatively higher strain, but extremely low bandwidth. Therefore, use of smart materials for strain actuation involves strain versus weight versus bandwidth tradeoff. Moreover, the involvement of a rather large number of actuators in the smartmaterials-based schemes directly impacts the complexity of the control system.
1) Stroke Amplification:
Some of the key barriers in smartstructure technologies are the stroke length of the smart actuators and the complexity associated with the distributed actuation. Augmenting smart materials with compliant mechanisms leads to systems with actuation functionality built into the structure. Such structures distribute the actuation energy derived from a single remotely located actuator to the application surface. This lead to distributed compliance rather than distributed actuation. For aerospace applications, compact lightweight compliant mechanisms can be gainfully employed for: 1) amplifying the stroke of the smart actuators; 2) reducing the complexity of distribution and control of a number of actuators required in shape control tasks; and 3) locating the actuator away from the harmful environments.
Several studies have independently concluded that replacing mechanical hinges with flexure is the best way to overcome some of these problems in achieving the required stroke amplification. We present a method of designing "solid-state" mechanisms for amplifying the output displacement of: 1) an electrostatic actuator for MEMS applications and 2) a piezoceramic actuator for smart-structure applications.
2) Shape Control: To date, all of the experimental results qualifying smart materials for shape control of wing structures have been based on scaled models of the real structures, with the aim of demonstrating the concepts and proving the feasibility of workable schemes in real structures. However, the scalability of the smart material actuators that have been successfully used in the scaled models to full-scale aircraft is proving to be a difficult task. Several theoretical and experimental studies have independently concluded the inability of the current smart-materials technology to meet the actuation requirements of adaptive wings.
Narkiewicz and Done [16] in a review paper surveying the smart structures concept for helicopter rotor control, conclude that the practical application of the smart-materials concepts to full-scale rotors is currently not feasible because the existing actuators are unable to achieve sufficient actuating power and reliability. Kudva et al. [11] report that currently it is only feasible to achieve torque requirements for the 16% models. They report that the torque required for full-scale aircraft is in the order of 103 times the torque required for a 16% scaled model.
Although the shape control of a smart structure involves controlled deformation of the structure, flexibility is not considered in the traditional design of smart structures. The base structure is usually left stiff, as it was originally designed to support loads. However, a design approach that utilizes the structural flexibility without affecting the structural integrity can reduce the actuation energy requirement. We present such a design paradigm, by employing compliant mechanisms which lead to a scalable approach to adaptive shape-change applications, considerable weight saving, reduction in the number of actuators, and a simplified control scheme.
II. DESIGN OF COMPLIANT MECHANISMS

A. Overview
The first step in the design of a compliant mechanism is to establish a kinematically functional design that generates the desired output motion when subjected to prescribed input forces. This is called topological synthesis. Although the size and shape of individual elements can be optimized to a certain extent in this stage, local stress constraints and buckling constraints cannot be imposed while the topology is being determined. Once a feasible topology is established, quantitative performance constraints can be imposed during the next stage in which size and shape optimization are performed. Performance constraints may include minimizing the energy loss in the mechanism, obtaining desired motion amplification [geometric advantage (GA)] or force amplification (mechanical advantage), or ensuring that none of the elements buckle under the action of applied forces and external loads.
In this section, we present a systematic method of design of compliant mechanisms starting from functional specifications. First, we describe a method of deriving the topology (configuration) of a compliant mechanism given the desired input forces and output displacements. Next, we describe the size and shape optimization to meet prescribed mechanical advantage or GA, stress constraints, size constraints, etc. All of the work reported in this paper is based on linear elastic models. Geometric nonlinearities due to large deformation and the dynamic response characteristics are not taken into account during the synthesis stage. However, we have developed an analysis model to predict the dynamic performance of the synthesized mechanism and to identify ways to refine the design for enhanced dynamic performance.
B. Compliant Mechanism Optimization
Structural optimization techniques have only recently been applied to automate compliant mechanism design. The goal of structural optimization is to design the topology, size, and shape of the mechanism that best performs given specific design requirements. To adequately design a compliant transmission for an application requires that the following criteria be addressed:
• required kinematic motion (both magnitude and direction); • desired mechanical advantage or GA;
• required stiffness to an external load; • material properties; • stress limitations; • weight limitations; • buckling instabilities; • dynamics; • actuator characteristics. Currently, designing the topology, size, and shape of the mechanism while addressing all of the design criteria is a formidable task that has not been accomplished. However, the described optimization procedure has addressed the first six criteria by employing a two-stage design process. The process is essentially broken into topology synthesis and size and shape refinement. These two separate procedures are needed due to their strengths and weaknesses. For example, topology optimization of compliant mechanisms cannot be performed while enforcing stress constraints due to the incompatibility with the topology resizing procedure. In addition, due to the fixed mesh, it is difficult (but not impossible) to optimize a topology while achieving a specific mechanical advantage or GA. Size and shape problems have been shown to be compatible with mechanical or GA constraints, as well as stress constraints, however, the topology of the size and shape problem is fixed and is difficult to change during the optimization.
C. Related Work
Past researchers have investigated various objective functions based on optimizing compliant mechanism performance. Nearly all of the past work has focused on topology synthesis alone. This is mainly due to the fact that topology synthesis is generally regarded as a more difficult problem than size and shape refinement. Ananathsuresh et al. were the first to incorporate structural optimization techniques to perform topology synthesis for compliant mechanisms [2] . While utilizing the homogenization approach, they investigated several objective functions, including a weighted-sum multicriteria approach based on maximizing the flexibility of a mechanism while simultaneously maximizing the stiffness. Larsen et al. [12] posed an objective based on maximizing the flexibility of a mechanism while obtaining a specific mechanical advantage. Frecker et al. [7] reformulated the flexibility and stiffness criterion as a ratio while using ground truss structure for topology synthesis. Nishiwaki et al. [17] also posed the two criteria as ratios, but additionally used the homogenization approach and expanded the formulation for plural multiflexibility cases.
While past work has provided much insight into fundamentals for designing compliant mechanisms, the drawback of these approaches is that the flexibility of a structure is theoretically unbounded. Formulations that maximize flexibility have been shown to be ill formulated for compliant mechanism optimization [8] . When used in conjunction with topology optimization, designs will exhibit convergence sensitivity to the value of the material lower bound. Additionally, these formulations have been shown to produce structurally discontinuous solutions for size and shape problems.
D. Energy-Based Formulations
Objective functions that maximize the energy throughput of a structure represent a new approach for optimizing the performance of a compliant mechanism [8] . These formulations can be implemented for topology synthesis as well as size and shape refinement. Convergence of the structure will remain stable through both optimization schemes [8] . If the mechanical efficiency of a compliant mechanism is maximized, the mechanism will satisfy basic kinematic requirements, while simultaneously minimizing the stored strain energy under the imposed boundary conditions. In general terms, the mechanical efficiency of a system can be formulated as Work Work (1) where and represent the input force and displacement as a function of time. Conversely, and represent the output force and displacement with respect to time. The main advantage of the formulation is that conservation of energy applies for any mechanical system. Specific rules such as linear superposition need not apply to evaluate mechanism performance. In addition, the work integrals need not apply to the force and displacement domain. For example, a piezoelectric actuator model could be included in the systems, and the electrical energy needed to drive the actuator could be calculated as the input work. Presently, electromechanical actuator characteristics are left out of the optimization scheme. The actuator is assumed to behave as a perfect force or displacement input which is used to optimize the compliant mechanism. Referring to Fig. 5 , our goal is to design a monolithic mechanical transmission that converts the input force-displacement point to desired operating point . The transmission must be energy efficient, that is, a perfect transmission with 100% efficiency will transmit all of the input energy to the output. Due to stored strain energy, a compliant mechanism cannot achieve 100% efficiency (80% is generally considered high).
Ideally, the optimization routine selects the best point along the force-displacement curve in order to maximize the efficiency of the entire system. However, a systematic approach to implement these characteristics into the optimization has yet to be developed. The energy-efficiency formulation presented in this paper provides a basis for such optimization.
1) Force-Displacement Efficiency Formulation:
In order to formulate an efficiency problem, some resistive entity must be added which will impede the motion of the output. Although other variations are possible, a formulation based on applying an external force to the output port while simultaneously controlling the input displacement is discussed. As shown in Fig. 6 , these boundary conditions are applied in two separate stages. First, the external load is applied while the input is held fixed (the body is considered to be "unactuated"). With the external load applied, the input is then "actuated" moving the output in the desired direction and magnitude. The second input reaction force is then measured along with the second output displacement. The output displaces in the opposite direction of the desired motion while the actuator generates a reaction force to sustain the position of the input. At the input port, represents the applied input displacement. The variables and represent the initial "unactuated" input force and the final "actuated" input force, respectively. At the output port, the force represents the applied external load. The displacement represents the loaded, unactuated position of the output port; represents the loaded, actuated position of the output port.
The force-displacement history for both input and output ports then displays the behavior shown in Fig. 7 . The triangular regions in both the input and output figures represent the total strain energy stored in the elastic body. The shaded areas at the input and output represent the relative work performed at the input port that is transferred to the output port. According to the Reciprocal Work Theorem, the shaded areas are equal. Additionally, the theorem can also be used to show that the initial mechanical advantage is always equal to the inverse of the unloaded GA. The ratio of is defined as the initial mechanical advantage. The ratio of can be considered the secondary mechanical advantage. The ratio of can be defined as the loaded GA. Note that represents the unloaded, actuated position of the output port. If the external force is released in the actuated state, the output will extend to a new position. The ratio of is defined as the unloaded GA.
Neglecting mechanism dynamics and damping losses in the material, the only energy stored in a compliant mechanism is due to elastic deformation. If the previously mentioned boundary conditions are applied to the compliant mechanism, the total energy of the system can be written using conservation of energy, as shown in (2) where refers to the total work input to the mechanism and refers to the work extracted from the mechanism by pushing against the external load. represents the total strain energy absorbed by the mechanism. Writing the total output work over the total input work, the efficiency of the compliant mechanism can be written as (3)
E. Topology Synthesis
To establish the optimal topology of a mechanism, the design domain is meshed using a "full" ground frame structure. Note that overlapping, collinear frame elements are eliminated. Frame elements are utilized to allow bending in the structure, while still maintaining a simple, efficient solution procedure. The topology optimization process essentially seeks to resize each element thickness (in the case of the beam elements) until the performance of the structure is maximized.
The topology optimization problem can be posed as follows:
The variable represents the cross-sectional thickness of each beam element. To prevent the stiffness matrix from becoming singular, is given a lower bound, . To prevent an element from becoming unrealistically thick , is given an upper bound, . The total volume constraint, expressed by , limits the total volume (and, thus, weight) of the mechanism. A two-dimensional topology synthesis problem has been implemented using linear finite-element theory and cubic beam elements. Both the finite-element equilibrium equations and the constrained optimization problem are solved within MATLAB. The sensitivity analysis is performed using the adjoint variable method and by directly differentiating the stiffness matrix with respect to element thickness variables [8] . Shown in Fig. 8(a) is an example of a simple topology optimization problem. As a horizontal input force is applied to the body, the goal is to generate the optimal mechanism that maximizes the efficiency of the system. Fig. 8(b) shows the initial guess of the structure. Note that the material modulus is set to 2 GPa (nylon), the thickness is set to 0.5 cm, the external force is set at 100 N, and the maximum volume is set to 2 cm . Fig. 9 shows the optimized topology and the resulting deformed geometry.
F. Size and Shape Optimization
In order to perform size and shape optimization for a compliant mechanism, each leg of the topology is discretized using beam elements. The designer can control the number of elements along each individual leg. Material modulus, mechanism width, input displacement, and external load are all input into the optimization problem. The designer selects end nodes of the topology to "activate," allowing geometric (shape) variation. Intermediate nodes along the length of a topology leg are adjusted by maintaining a collinear, equidistant relationship. Note that changing the overall mechanism geometry is similar in nature to rigid-link synthesis techniques, which adjust the geometry of links to achieve specified kinematics. Upper and lower bounds for both element height and geometric variation are also entered. The optimization routine seeks to simultaneously adjust the individual cross-section variables and the overall mechanism geometry to maximize efficiency, while satisfying all relevant design constraints.
The size and shape problem can be posed as follows:
subject to: and Volume Resource or (5) where represents the parametric sizing variables of the structure and represents parametric shape variables of the structure. These variables are given upper and lower bounds to restrict the optimization design space and the overall area of the mechanism. The total volume constraint, expressed by , is applied to maintain a specified total volume (and thus weight) of the mechanism. The kinematic constraint need not be applied to the optimization problem; however, these constraints have been successfully applied to compliant mechanism problems to achieve mechanisms with specified kinematic properties. and represent the desired initial mechanical advantage and loaded GA's. If these constraints are not imposed, the mechanism will find the kinematic relationship which maximizes the energy throughput. The stress constraints, represented by -, limit the maximum stresses in the mechanism. Here, denotes the total number of elements that comprise the finite-element model. Both the finite-element equilibrium equations and the constrained optimization problem are solved within MATLAB. The sensitivity analysis is performed using the adjoint variable method and by directly differentiating the stiffness matrix with respect to size and shape variables. A user-friendly interface allows the designer to enter various topologies, boundary conditions, and variable bounds. The designer is also able to switch on and off various constraints and to optimize with respect to element size only, or both size and shape. Fig. 10 is the previously optimized topology, which serves as the input into the size and shape problem. Note that the design is now discretized using 29 elements. As shown in the figure, two of the topology's four main nodes have been "activated" while allowing an adequate geometric wandering range. Again, the material modulus is 2 GPa and the mechanism width is 0.5 cm, the input displacement is 0.25 cm, the external load is 100 N, and the maximum volume is 2 cm . Due to the size and shape procedure, the maximum stress is limited to 34 MPa, which is roughly half of the maximum stress limit of nylon. Figs. 11-13 show optimized designs for various mechanical advantages. Note that Fig. 12 is optimized without the stress constraint, while Fig. 13 shows the same design with the stress constraint active.
Shown in
As noted by the following examples, the initial mechanical advantage (or the inverse of the unloaded GA) is almost exactly equal to the overall height of the mechanism divided by the overall length. These mechanism topologies can be reshaped to achieve almost any mechanical advantage or GA that is feasible given the boundary conditions and the design constraints.
The goal of topology synthesis for the compliant mechanism is to identify and characterize all topology "building blocks" which produce a given kinematic motion. New and more complex compliant mechanisms can be built up from simple compliant mechanism topologies by stacking the building blocks in series or parallel. The resulting built-up topology can then be optimized using size and shape refinement. Fig. 14 shows a topology optimization problem which produces the previously shown building block topology to form a more complex mechanism topology. While topology optimization will not always reinforce building-block methodologies, the approach represents a practical and intuitive method for designing more complex compliant mechanism topologies.
III. DESIGN EXAMPLES
The design examples given in this section illustrate applications of the compliant mechanisms in MEMS and smart structures. In MEMS application, the linear comb-drive actuator performance is matched to the load characteristics needed to power a micro drivetrain developed by the Intelligent Micromachine Department, Sandia National Laboratories, Albuquerque, NM. In smart-structure application, the force-displacement characteristics of a piezoactuator are modified by a compliant transmission to match the load characteristics. The compliant mechanism designs shown in both cases were generated by the two-stage design method- ology described in the previous sections, i.e., topological synthesis followed by size and shape refinement. We employed energy formulation described in Section II-D in both topology synthesis and size/shape optimization. Once the basic topology is obtained from topology synthesis, we used a building-block approach and stacked the basic building blocks (triangular beam topology) to obtain desired stroke magnification. Similarly, the shape control mechanism topology was derived from topology synthesis procedure and refined by size/shape optimization to maximize its energy efficiency.
A. MEMS Multiplier
Researchers at Sandia National Laboratories designed an intricate micromechanical drivetrain powered by a microengine as a part of their mechanical weapon-lock system. The details of the original design are available online. 1 The drivetrain is powered by a set of linear comb-drive actuators, as shown in Fig. 15(a) . A set of three comb drives separated 120 apart convert the linear reciprocating motion of comb-drive actuators into the continuous rotational motion of the main drive gear. The comb-drive actuators used in the original 1 Sandia National Laboratories.
[Online]. Available HTTP: http://www.sandia.gov/ design occupy too much die area in order to generate required output displacement. The microengine is typically operated about an order of magnitude below its resonant frequency, and it is important to be able to operate the mechanical assemblies over a wide range of frequencies. This is particularly true when driving large mechanical loads that require some acceleration over a brief period of time to initiate operation, so very low speed functionality can be beneficial. That is, a mechanical transmission must be integrated with the microengine to provide the desired torque-speed characteristics.
The design requirements for an integrated mechanical transmission were specified as follows. The comb-drive actuator provides a 2-m displacement and generates 40 N of force. The desired output is 20 m of displacement against a resisting (external) force of 3 N. Fig. 15(b) shows the redesigned microengine with a compact comb drive integrated to a 10:1 compliant motion amplifier. This motion amplifier was designed systematically by employing the energy formulation described in this paper. Compliant displacement multipliers enable them to use much shorter stroke actuators. Fig. 16 shows a schematic of size comparison of the old design versus the new integrated actuator-transmission design. The integrated actuator-transmission of the new design is one-fifth the size of the original actuator. Not only do such integrated actuator-transmission devices occupy less real estate, but also they provide the opportunity to significantly increase the force generated per unit area [9] . This is due to the fact that, since the actuator is required to generate a much shorter stroke (due to the presence of a stroke multiplier), it can be much more tightly packed for greater force generation. The new actuator occupies less than 10% the die area in comparison to the old actuator.
1) Dynamic Response:
The energy efficiency method presented in Section II is an efficient method for compliant mechanism design, and it includes many considerations, such as maximum stress, GA, and mechanical advantage constraints. The synthesis process is based on kinetostatic design specifications and does not consider the dynamic effects. Therefore, for high-speed applications, the dynamic analysis is necessary in order to predict the dynamic characteristics of the mechanism.
For the stroke amplification compliant mechanism shown in Fig. 15(b) , we have developed dynamic differential equations of the system, and only some of the results are summarized here in this section. The first four natural frequencies of the stroke amplification compliant mechanism are Hz Hz
Hz Hz
The first natural mode is shown in Fig. 17(a) . The amplitude-frequency characteristic of the output displacement is shown in Fig. 17(b) . The variation of GA with the excitation frequency is shown in Fig. 17(c) . These results are valuable for predicting the dynamic behavior at a certain running speed. For example, if the compliant mechanism is required to operate about an order of magnitude below its resonant frequency, the input frequency should be less than 400 Hz, because the fundamental frequency is 3883 Hz. Because the fundamental frequency is much smaller than the higher order natural frequencies, it can be estimated according to the Fourier transformation theorem where the motion shape of the compliant mechanism is dominated by the first natural mode, as shown in Fig. 17(a) . It can be seen from the amplitude-frequency characteristic shown in Fig. 17(b) that the output displacement varies very little when the frequency ratio is less than 0.4. The displacement ratio is the ratio of the actual displacement to the static displacement of the output, and the frequency ratio is the ratio of the actual input frequency to the fundamental natural frequency. This means the dynamic response is stable within the frequency range 0-1600 Hz. The resonance phenomenon can also be seen clearly from Fig. 17(b) . The GA also changes with the input frequency of the compliant mechanism. It can be seen from Fig. 17(c) that the GA fluctuates around the static design result of 12:1. Design sensitivity analysis guides the designer in refining the design to meet the dynamic performance requirements. These details are not discussed here due to space limitations.
B. Integrated Piezoactuator-Compliant Transmission
Current approaches to static shape control of smart (adaptive) structures is essentially based on utilization of smart materials, mostly piezoelectric and SMA's. The use of smartmaterial-based technology in structural shape control has provided promising results. However, there are some inherent limitations associated with the current-generation smart materials and these limitations have become impediments to the success of the technology, in particular, for shape control tasks [20] . Some of the general limitations of the currently available smart materials are outlined in [11] , [13] , [14] , and [24] .
Piezoceramic actuators and SMA actuators are commonly employed in many smart-structure applications. The state-ofthe-art smart materials are not capable of generating adequate actuating force and/or displacements needed for most practical applications. Maximum strains achievable with piezoelectrics are in the range of 200-300 microstrains. Another major drawback with piezoelectric materials has been the need for high-voltage electronics, which, in general, significantly increase the weight of the system. Use of SMA's is limited by the rate at which the wire can be cooled, and is usually limited to a few hertz at best. This limited cooling rate of the SMA constrains the bandwidth of the controller. Efforts to enhance the cooling rate require much greater levels of power.
Many researchers are investigating novel ways to amplify the displacement by stacking multiple piezoactuators in different configurations. Although modest motion amplification can be achieved through such means, many such arrangements are cumbersome and impose the heavy penalty of voltage requirements. A simple and effective way to modify the force-displacement characteristics is to integrate a piezoactuator with a compliant transmission device, as shown in Fig. 18(a) . The mechanism shown in Fig. 18(a) was designed to provide 20:1 amplification using energy methods described in this paper. Fig. 18(b) shows the finite-element analysis of the 20:1 amplification mechanism shown in initial and deformed positions. Note the input and output displacements indicated in the figure.
C. Shape Control Application
The applications which the smart structures and materials will have an impact upon are numerous and varied [20] . They range from simple entertainment toys to complex engineering systems such as space structures, transportation systems, military and defense systems, manufacturing systems and precision machining, civil infrastructure, biomedicine and biomechanics, sports and the entertainment industry. Currently, much of the work related to this technology is at the research stage.
Shape control of a structure is perhaps one of the most important applications of the smart structures technology to date. In general, the term shape control in the smart-structures literature refers to control of shape, position, or alignment of a certain number of points on the structure so as to track a desired value. In static shape control, the primary configuration of a relatively stiff structure is required to be deformed, and maintained in the new deformed configuration whenever the operational conditions of the structure change. In this type of shape control, the main objective is to deform a structure from a known initial state to another desired state or vice versa. That is, in this type of shape control, typically, the necessary structural deformation or deflection is known a priori. Examples of such a type of static shape control include camber shaping and twisting of airfoil in aircraft wings and rotorcraft blades, shaping of air inlets, and engine nozzles.
The current trend in smart structures treats the development of a smart structure for shape control task as mostly a problem of optimal placement and integration of sensors, actuators, and control techniques in a distributed manner as they would operate as one unit. In such an approach, the actuation of structures is achieved largely through distributed induced strain. This necessitates a large array of actuators. Since each of the actuators must be controlled independently, clearly the required control system would be very complicated. Moreover, since the actuating power of currently available active materials is very low, the ratio of the volume of the active material to the volume of the host material would be fairly large, that is, the actuator material severely encumbers the total weight of the system.
Recently, there have been a few attempts at employing conventional mechanisms to amplify the actuation force/stroke available from the smart materials and then using the amplified stroke to actuate rigid hinged devices that create an effect equivalent to that of bending a structure. Such techniques, however, have yielded very limited improvements to date because they suffer from substantial frictional losses at the hinges and the weight penalty associated with these mechanisms [6] . Moreover, they do not deliver the same effect as a smoothly bent structure. Based on first principles of kinematics and continuum mechanics, Saggere [20] developed a novel method of designing compliant mechanisms for static shape control. Fig. 19(d) shows a single SMA actuator employed to effectuate a desired change in the shape of the structure through compliant transmission. The compliant mechanism topology shown in the figure was derived from the systematic methods described in Section II-D. Fig. 19(a) shows a one-quarter model of the structure showing the initial and desired final shapes. We first discretize the surface into a number of nodes. The force-displacement characteristics at each of these nodes are derived from: 1) actuator force-displacement characteristics and 2) displacement of each of the nodes along the initial and final shape. For instance, upon application of input force, the node C must move to location D, and node M moves to location N. The final structure is composed of many compliant mechanism building blocks. For instance, ABC depicts the topology of one such compliant mechanism derived from the topology synthesis procedure described in Section II-D. KLM is another compliant mechanism designed to move node M to location N upon application of input force F. The results of finite-element analysis shown in Fig. 19(b) clearly indicate the movement of nodes as the shape change is effectuated. Size and shape optimization method was employed to maximize the efficiency of the mechanism under a specified external load (point load or distributed pressure loading) while achieving desired displacement at each of the nodes along the surface. The effect of size and shape refinement can be seen in the compliant segments of the final design shown in Fig. 19(c) . The device shown in Fig. 19(d) is driven by a single actuator and integrated to a monolithic mechanical system. Such a design not only reduces the number of actuators required, but also enables remote location of the actuator from the application environment.
IV. CONCLUSION
Through use of compliant mechanisms, we have shown that force-displacement characteristics of actuators can be matched to the load characteristics. Since compliant mechanisms rely on flexure, they can be readily integrated with electrostatic, piezoelectric, and SMA actuators without requiring a complex assembly process. This enables integrated design and fabrication of mechatronic systems. The no-assembly feature of compliant mechanisms is not simply an added advantage, but it is, in fact, necessary in batch fabrication of MEMS. The microengine application demonstrates performance enhancements while simultaneously reducing the precious die area through use of monolithic mechanical transmission. Likewise, the scope and application of piezoactuators can be enhanced by stroke magnification for many applications in the smart-structures arena. Additionally, use of compliant structures helps reduce the number of actuators required for static shape-change applications. Distributed compliance rather than distributed actuation simplifies the design, manufacture, reliability, and control of smart structures.
In this paper, we described a systematic approach to design compliant mechanisms for a given force-displacement input-output specification. Using the energy formulation presented in this paper, both topology synthesis and size/shape refinement have been achieved in a two-step design procedure. The methods described in this paper assume a linear elastic model. Efforts are underway to extend the synthesis model to account for geometric nonlinearities in large deformation problems. Additionally, dynamic response characteristics are being addressed, and they will be described in a future paper. Some of the macro physical proof-of-concept mechanisms were fabricated in a layered manufacturing scheme. Therefore, due to their inherent nonhomogenous character, the experimental results were not compared with analytical models. This does not undermine the synthesis method described in this paper, since the design procedure begins with desired input-output force-displacement specifications and attempts to find a feasible solution. The solution space is highly nonlinear and, therefore, we are not claiming global optimal solutions.
The field of compliant mechanisms (or compliant structures) is relatively new, and many design research issues are still unanswered. The potential of compliant mechanisms to produce no-assembly designs gives rise to many applications in mechatronic systems design. They are particularly suited for applications with small ranges of motions. These monolithic devices can potentially replace conventional mechanisms in applications where small but intricate motions are generated by a system of links, cams, and gears. Examples of such systems can be found in cameras, VCR's, and other mechatronic systems. As the research matures in this area, we can expect to identify more and more applications of compliant mechanisms in the near future.
APPENDIX BRIEF HISTORY OF RESEARCH IN COMPLIANT MECHANISMS
Utilization of such elastically generated motion dates back several millennia when bows and catapults were used in weaponry. This concept of conversion of strain energy due to deformation to other forms has been widely used in both old and modern machines, for example, the suspensions of cars and airplanes. Burns [4] undertook the first academic study to diverge from the popular underlying notion that links of a mechanism should be considered rigid. He and subsequent researchers recognized a number of advantages associated with this class of flexible mechanisms. Flexures or flexure hinges have been used in a wide variety of thousands of applications, including gyroscopes, accelerometers, balance scales, missile-control nozzles, governors, indicators, recorders, control surfaces, regulators, valves and regulators, multiplying linkages, computers, relays, and transfer linkages [18] . The exact equations for the design of flexural pivots provided by Paros and Weisbord [18] are still current in the field of precision engineering.
Systematic studies of mechanisms with flexible members began in the mid-1960's, when they were classified as a special class of mechanisms under the name of flexible-link mechanisms. Burns and Crossley [25] presented a technique for the synthesis of a four-bar linkage with axially flexible coupler link for specified constant output torque and a specified spring constant of the coupler link. Sevak and McLarnan [21] analyzed large static deflections of flexible-link mechanisms by applying nonlinear finite-element techniques, and also presented an optimization-based technique for synthesis of flexible input and output link mechanisms.
Interest in a special class of flexible-link mechanisms where elasticity is a desired effect was revived by Midha and his students [15] . The term compliant mechanisms (instead of flexible-link mechanisms) was coined to refer to such mechanisms, supposedly to distinguish them from the highspeed rigid-link mechanisms in which elasticity effects are undesirable. Howell and Midha [10] presented a method employing the so-called pseudo-rigid-body model for designing compliant mechanisms with small-length flexural pivots. The method is based on the approximation of path of the tip of an end-loaded cantilever as a circular arc centered at a certain ratio of span from the fixed end, an idea similar to that originally used by Burns and Crossley [25] .
The treatment of the synthesis and analysis methods in the above-cited literature was largely based on the lines of traditional kinematics of rigid-link mechanisms. Moreover, in all of the above-mentioned studies, the compliant mechanisms considered had either highly localized compliance, i.e., flexural pivots, to simulate conventional revolute joints, or flexible links with at least one rigid moving link. That is, the abovecited literature did not address the case where all of the links and joints of a compliant mechanism are truly flexible. Such a case where compliance is distributed in all the links and joints was attempted by Ananthasuresh [1] , using an approach different from the kinematic approach of rigid-link mechanisms. Interested readers are encouraged to refer to [20] for a detailed survey of literature on compliant mechanisms and smart structures.
